The use of aluminum to produce lightweight automotive castings has gained wide acceptance despite significant cost penalties. Lightweight iron and steel casting designs have been largely ignored despite their obvious cost and property advantages.
INTRODUCTION
Due to fierce global competition, the automotive industry is forcing the rapid advancement of technology. Today's cars are significantly safer, cleaner and more fuel efficient than those of only a few years ago -and the rate of improvement is increasing. There are many factors that the automotive industry must consider. Four of these factors are: fuel economy, emissions, safety and cost. Fuel economy, emissions and safety are government mandated; cost (or value) is customer mandated. Constantly changing political focus and global regulations cause the automotive companies to constantly reassess the relative importance of each of these areas and consequently the amount of research effort applied to them.
Currently, fuel economy is an area of high interest in the United States. The US Government has promoted the development of a "Supercar" -an environmentally friendly car with up to triple the fuel efficiency of today's midsize cars -without sacrificing affordability, performance, or safety (1) . To achieve the fuel economy goal, reducing vehicle weight has been a major research area. The industry trend has been to substitute low density materials (aluminum, magnesium and composites) for iron and steel. Drawbacks to this approach are reduced material strength, ductility and stiffness, a larger product envelope and/or higher cost. An alternative approach, which has not been widely publicized or promoted by the US Government, is the use of lightweight iron and steel design. A notable exception is the Ultra-Light Steel Vehicle program financed by the wrought steel industry (2) . This paper describes the little known efforts of the iron and steel foundry industry.
Specifically, this paper describes 1) various processes for producing lightweight iron and steel castings, 2) examples of lightweight components in high-volume production, 3) examples of conversions from aluminum to iron, 4) material properties of interest to designers, 5) examples of concept components and 6) efforts to improve the design and manufacturing processes for lightweight iron and steel castings.
CASTING PROCESSES
The requirements for a casting process to be capable of producing lightweight components are 1) dimensional accuracy, 2) ability to fill thin-sections and 3) consistent metal quality. Processes that have been shown to be capable of meeting these requirements are investment casting, counter-gravity casting, low-pressure bottom-fill, shell, chemically-bonded sand and green sand. New products and product concepts are now possible due to advances in the above listed processes coupled with 1) continuous improvement in the production of clean steel, 2) improved understanding and control of gray, compacted and ductile iron microstructures and 3) reasonably good mathematical models for mold filling and solidification.
Investment casting is the premier process for producing complex, thin-wall castings. Advantages of the investment casting process are highly accurate patterns, strong and stable refractory molds, hot molds and gravity pouring. A hot mold makes filling thin-sections easy (down to 0.4 mm) and gravity pouring is simple. Typically, a hot mold means slow cooling rates, which are beneficial for cast iron since this inhibits carbide formation, but are detrimental for cast steel since this promotes a large grain size. Although gravity pouring is advantageous from a simplicity viewpoint, low casting yield and turbulence during filling are disadvantages. Figure 1 is a schematic showing the pouring of an investment casting. Hitchiner Manufacturing Co. and General Motors pioneered the development of the counter-gravity process (3) and applied this technology to both investment and sand casting (4) (5) (6) . In counter-gravity casting, a vacuum is used to draw metal up into the mold as opposed to gravity pulling metal down into the mold, as shown in Figures 2 and 3 . Counter-gravity or vacuum assisted casting (VAC) is a more complex process in high volume production (requires unique equipment), but the process yields the benefits of improved metal cleanliness by reduced turbulence during mold filling and improved casting yield (ratio of the amount of saleable metal divided by the amount of metal poured in the mold). A variation, the loose sand VAC process (7) , minimizes the thickness of the ceramic or bonded sand molds and uses loose (unbonded) sand to back-up the fragile mold. Using this technique, production costs are reduced by minimizing the use of expensive refractory coatings or chemically bonded sand. The VAC process is applicable to steel (air melt) and nickel-based or titanium-based (inert or vacuum melt) but is not readily applicable to ductile iron due to magnesium fade. A small amount of magnesium dissolved in iron is required to form ductile (or nodular) iron. However, dissolved magnesium slowly reacts with air (oxygen), dissolved sulfur and furnace and ladle linings, thus its "nodularizing" effect fades slowly with time. The "SlimCast" process invented by General Motors in 1993 coupled the mold filling technology of the countergravity process with the simplicity of gravity pouring (8) .
Although never used in production, the "SlimCast" process has been used to produce many one-of-a-kind concept castings; including 300 mm long tubes with 1 mm wall thickness, exhaust manifolds in stainless steel and ductile iron with 2 mm wall thickness, differential carriers with 3 mm wall thickness and cylinder blocks with 3 mm wall thickness. A schematic of the SlimCast mold is shown in Figure 4 and an example of a casting cluster produced using the SlimCast process is shown in Figure 5 . The Sadefa FM ("Fonte Mince" or thin-wall iron) process (9) invented by Groupe Valfonde in 1976 and commercialized in 1982 uses low-pressure, bottom-fill to push metal into chemically bonded sand molds. This process provides high casting yield, good dimensional accuracy and the ability to fill relatively thin (2.8 mm) sections. By 1993, Sadefa had supplied GM Cadillac, Renault, Peugeot and Opel with over 2,000,000 thin-wall, ductile iron exhaust manifolds.
The shell process has been used since the 50's to produce "thin-wall" castings in gray and ductile iron and still is today. The high hardness and good dimensional accuracy of the shell mold makes this feasible. Since the 50's, great strides in understanding mold filling have significantly improved casting quality. Figure 6 shows stacked shell molds used to produce thin-wall, ductile iron, rocker arm castings in 1954 (10). The green sand process has been largely overlooked for the production of thin wall, lightweight castings but recently interest has been expanding. One published report described the production of exhaust manifolds with 2.8 ± 0.65 mm walls (11) . The primary dimensional problem with green sand molding has traditionally been cope-to-drag shift. However, new developments in vertically parted machines have recently claimed to reduce mold-to-mold shift to 0.1 mm (12) . Further, thoughtful component design can also minimize the effects of this problem in older mold lines. The introduction of low-pressure, bottom-fill, vertically-parted mold lines (13) also provides the potential for significantly improved part quality and reduced part cost.
Minimum wall thickness is an important characteristic of a "lightweight-capable" process, but the ability to make hollow sections and to "core-out" thick sections is even more important. Hollow and cored-out features distinguish castings from forgings and sand castings from most low cost die castings. By cleverly taking advantage of the unique abilities of the various sand casting processes, significant weight savings, with little cost penalty, are possible.
PRODUCTION COMPONENTS
Numerous examples of lightweight iron and steel cast components currently in production are available for review. Some notable examples include exhaust manifolds, rocker arms, pump bodies, control arms, steering knuckles, mounts and brackets. Figure 7 shows a variety of examples of lightweight iron castings currently made using the green sand process. Exhaust manifolds, Figure 8 , have been favorites for thinwall casting development because 1) castings provide better flow than fabrications (smooth, no abrupt transitions at welds, unlimited cross sectional geometry), 2) thin-walls reduce heat-up time, which speeds catalytic converter light-off and therefore reduces emissions and 3) better durability than fabrications (no welds).
High-silicon, high-silicon moly (Si-Mo) and Ni-Resist ductile irons have been very successful but stainless steel (for >900°C applications) has proven to be a manufacturing challenge due to high pouring temperatures. The green sand process is widely used to produce ductile iron exhaust manifolds with wall thicknesses of 4.0 mm or less by Wescast, CitationMarion and Georg Fischer AG. The Sadefa FM process produced up to 6000 thin-wall ductile iron castings per day in 1994. The Sadefa FM process provided prototypes in ferritic stainless steel in 1995. The counter-gravity process is currently used for low volume production of stainless steel exhaust manifolds by Alloy Engineering, Wescast, Infun and Daido. A very high volume application of a thin-wall steel casting is the rocker arm for the General Motors 3800 engine, Figure 9 . This casting is made using the process shown in Figure 2 with the addition of sand to support the shell mold (supported-shell or SSCLA process). At present, rocker arm production for all customers is 130,000 per day. The material is a low-alloy steel (AISI 8620). General Motors produces the primary pump body for Northstar engine, Figure 10 , using the multiple in-gate VAC process. Production rates for this casting are approximately 1000 per day. The sand cores are stacked five-high and designed to form the top of one casting and bottom of the next. The material is a high silicon, gray iron that produces carbide free parts as-cast. Walls thicknesses are as thin as 2.5 mm. All of the critical dimensions are in-the-mold, so cope-to-drag shift is not an issue. A large number of mounts and brackets are cast using the green sand process. The advantages of cast mounts and brackets are 1) reduced part count, 2) improved strength and stiffness and 3) reduced weight. The design flexibility of castings allows material to be placed where it is most needed to absorb the applied load or redistribute the applied load, unlike stampings that are required to have uniform wall thickness and have limited shape flexibility. Further, castings can have additional material located in corners and junctions to reduce stress and prevent unwanted deflection. Mounts and brackets produced from gray and ductile iron have excellent vibration damping abilities, whereas mounts and brackets produced from low carbon steel are readily welded. Both iron and steel easily handle the underhood temperatures of today's cars and trucks. Numerous examples of automotive mounts and brackets are shown in Appendix I.
CONVERSION OF ALUMINUM TO IRON
Numerous examples of converting aluminum to iron or steel exist. In 1992, CWC Textron described a 1.54 kg (3.4 lbs) cast steel lower control arm produced for a concept vehicle using vacuum casting technology (14) . The thin-wall steel casting was 39% lighter than an aluminum alloy forging. The replacement of a wrought aluminum fuel tank spacer with a lightweight ductile iron casting is shown in Figure 11 . Production aluminum and prototype lightweight iron designs for a steering knuckle casting are shown in Figure 12 . The lightweight iron design was 0.9 kg (2 lbs) heavier than the aluminum design but approximately half the cost. Anticipated benefits of the lightweight iron design are 1) longer life due to reduced bearing and bushing distortion and wear (ductile iron is harder and more wear resistant than aluminum) and 2) improved NVH (ductile iron has better damping properties than aluminum). 
MATERIAL PROPERTIES OF INTEREST TO DESIGNERS
Iron and steel have many material characteristics that aluminum, magnesium and composites simply cannot duplicate. Aluminum and magnesium are heat treated to achieve peak strength by quenching followed by aging. Prolonged use at temperatures near or above the aging temperature (typically 150-175°C) result in dimensional distortion and strength reduction. Cast iron and steel are both mechanically and dimensionally stable to much higher temperatures. Iron and steel are often used in the as-cast condition or can be heat treated to a wide variety of properties. Table I is a comparison of tensile properties of various cast metals.
A unique feature of cast iron and steel is the ability to harden surfaces -that is, produce a hard wear resistance surface and a tough, ductile core. This is not possible with aluminum or magnesium without costly secondary coating processes
Other material properties of interest to automotive engineers are damping capacity (the ability to suppress vibration), coefficient of thermal expansion, coefficient of thermal conductivity, creep resistance, work hardening or softening and damage tolerance. Table II is a comparison  of relative damping capacity for various metals and Table  III is a comparison of thermal conductivity and thermal expansion for various metals.
LIGHTWEIGHT IRON AND STEEL CONCEPTS
Once a design engineer understands the abilities of the casting process and the specific characteristics of a material, there is no limit to the unique designs that can be created.
Compacted graphite iron is now in high-volume production at the Intermet Ironton Iron Foundry for bedplates (19) and low-volume production at Halberg Guss for cylinder blocks (Audi V-8 TDI). The bedplate application (DaimlerChrysler 4.7 Liter V-8) demonstrated improved "noise quality" and durability over gray iron.
Experimental programs have repeatedly demonstrated the potential for lightweight iron. Examples of these programs are:
• General Motors 2.5 liter, 3 mm wall, gray iron block (20% weight savings) produced using the VAC process
• Adam Opel AG's 2.5 liter, compacted graphite, V-6 Calibra (20.4% weight reduction)
• Adam Opel AG's 1.6 liter, compacted graphite, Family I cylinder block (29.4% weight reduction after machining)
Weight reductions of 10-25% compared to gray iron are anticipated when using compacted graphite iron (20) if the higher strength and toughness of the compacted graphite iron are properly utilized.
Also, high-specific output diesel engines are being designed using lightweight, compacted graphite iron, cylinder blocks in Europe. Aluminum is not strong enough for these applications.
Crankshafts are typically machined from alloy steel billet stock (highest strength, highest cost), forged from microalloyed steel (medium strength, medium cost) or cast in ductile iron (lowest strength, lowest cost). Regardless of material or manufacturing process, the weight is similar. However, mass can be significantly reduced by using the flexibility of the sand casting process to develop a crankshaft that optimizes the location of the counterweight mass and reduces mass in areas not needed for structural integrity, Figure 13 . Lightweight crankshaft designs can easily provide 15-25% weight savings and aggressive designs can provide 45-50% weight savings (as much as 20.5 kg in V-10 applications) by hollowing-out main and pin bearings, coring-out counterweights and using grade 1 austempered ductile iron. Figure 13 . Example of Concept Lightweight Crankshaft.
The use of hydroformed steel for primary body structures and components provides unique opportunities for castings. An iron or steel casting is ideally suited for attachment to a hydroformed rail section by stud welding or MIG welding. A casting can reduce part count by integrating features, such as multiple attachment or mounting points and can provide unique features, such as vibration damping/isolation and controlled crush. An integrated front shock tower and lower control arm mount is shown in Figure 14 . The advantages of this design are improved stiffness for ride and handling and reduced part count compared to a stamped steel fabrication. Hydroformed, rolled or extruded body structures also rely on nodes (the point where various linear components come together). Nodes tend to be complex, threedimensional structures that are typically cast. Methods of reliably joining the structures together at the nodes are still a major issue.
EFFORTS TO IMPROVE DESIGN AND MANUFACTURING
The foundry industry has internally produced 1) significant improvements in the ability to design castings and tooling and 2) manufacturing enhancements. Mathematical modeling has become commonplace and current efforts are aimed at fine tuning models for specific plants, processes and materials. Whereas the US Government has supplied tremendous amounts of resources for the development of aluminum and magnesium, the iron and steel foundry industries have developed their own programs.
As one example, the Ductile Iron Society has undertaken the task of generating strain life fatigue data, which are the inputs for finite element stress analysis, for ductile iron. This data is freely distributed by way of their website (www.ductile.org) and at the SAE 2000 Congress.
Also, the Thin-Wall Iron Group (TWIG), a consortium of industry (users, producers and suppliers), universities (University of Alabama and University of North Carolina at Charlotte) and a national lab (Albany Research Center) was independently established in 1998 to 1) develop materials and methods for producing thin-wall iron castings and 2) characterize thin-wall casting properties. The results of this group will be forthcoming. The American Foundrymen's Society can provide more information on TWIG.
